Abstract: Extracellular nucleoside triphosphate diphosphohydrolases (NTPDases) are enzymes that hydrolyze extracellular nucleotides to the respective monophosphate nucleotides. In the past 20 years, NTPDases belonging to mammalian, parasitic and prokaryotic domains of life have been discovered, cloned and characterized. We reveal the first structures of NTPDases from the legume plant species Trifolium repens (7WC) and Vigna unguiculata subsp. cylindrica (DbLNP). Four crystal structures of 7WC and DbLNP were determined at resolutions between 1.9 and 2.6 Å . For 7WC, structures were determined for an -apo form (1.89 Å ) and with the product AMP (2.15 Å ) and adenine and phosphate (1.76 Å ) bound. For DbLNP, a structure was solved with phosphate and manganese bound (2.60 Å ). Thorough kinetic data and analysis is presented. The structure of 7WC and DbLNP reveals that these NTPDases can adopt two conformations depending on the molecule and co-factor bound in the active site. A central hinge region creates a "butterfly-like" motion of the domains that reduces the width of the inter-domain active site cleft upon molecule binding. This phenomenon has been previously described in Rattus norvegicus and Legionella pneumophila NTPDaseI and Toxoplasma gondii NTPDaseIII suggesting a common catalytic mechanism across the domains of life.
Introduction
Extracellular nucleoside triphosphate diphosphohydrolases (NTPDases) are enzymes that reduce the concentration of extracellular nucleotides (resulting in inactivation of purinogenic signaling) which consequently regulates the purinogenic signaling pathway in humans and in higher plants. 1, 2 These enzymes, in the presence of a divalent cation sequentially hydrolyze the g-and b-phosphoanhydride bonds from a range of nucleotide tri-or diphosphates to the corresponding nucleotide monophosphate. NTPDases have also been identified in several parasites including the protozoans Toxoplasma gondii and Neospora caninum, the flatworm Schistosoma mansoni and the bacterium Legionella pneumophila. [3] [4] [5] NTPDase function in pathogens may be associated with virulence, host inflammatory and immune responses to infection. 6 For example, NTPDaseI of L. pneumophila has been shown to be required for it to be able to infect and replicate in macrophages. 7 In plants, the control of the extracellular nucleotides by extracellular NTPDases influences the growth of the plant. The current model suggests that there is an optimal specific nucleotide concentration that has a positive impact on growth and that deviation from this results in less growth. 8 In addition to the effect on plant growth, some NTPDases have been identified that play a role in the symbiosis between legumes and rhizobium during nodulation. NOD factors (or lipochitinoligosaccaride signals) are produced by the rhizobium as early signaling molecules that trigger nodulation. An NTPDase located on the root surface of the legume Dolichos biflorus (known as cow pea or horsegram) was isolated and shown to bind to NOD factors, supporting a role in the rhizobium-legume symbiosis. 9 This NTPDase was annotated as a lectin-nucleotide phophohydrolase (LNP) as D. biflorus had not yet been renamed as Vigna unguiculata subsp. cylindrica; the shorthand DbLNP was coined to denote this enzyme. DbLNP is able to catalyse the hydrolysis of phosphoanhydride bonds of nucleoside di-and triphosphates and its deletion in plants prevents cellular signaling associated with rhizobial formation, hence confirming both its NTPDase and rhizobium-legume symbiosis role. 9, 10 Another legume LNP (known as 7WC) from Trifolium repens (white clover) has also been initially characterized. 11 7WC is expressed in the roots of the plant and has been shown to have NTPDase activity and hence it may also play a role in the establishment of nitrogen fixing bacterial-legume symbiosis. NTPDase family members are produced in a variety of cellular locations, have different nucleotide preference, have different hydrolysis rates for NTPs and NDPs and are all activated by divalent metal ions. [12] [13] [14] The first experimental structures of NTPDase enzymes were from Rattus norvegicus (rat) NTPDaseII in 2008, followed by the structure of L.
pneumophila NTPDaseI (LpNTPDaseI) in 2010. 15, 16 These two structures confirmed the results of computational modeling which demonstrated that the general structure of NTPDases is made up of N-and Cterminal domains each exhibiting a modified RNase-H fold that is characteristic of the actin/hsp70 superfamily to which these enzymes belong. [17] [18] [19] NTPDases (also known as apyrases) are characterized by the presence of five apyrase-conserved regions (ACR1-5). 6, 14 These regions are highly conserved motifs in the primary sequence that identifies the protein as an NTPDase. ACRs form the active site of NTPDases, in which ACR1 and ACR4 correspond to the substrate b-and g-phosphate binding sites in the actin/ hsp70 superfamily. 19, 20 The rat NTPDaseII structure reveals how the conserved ACR regions in the active site binds ATP and suggests a mechanism for hydrolysis via a catalytic glutamate. 16 Multiple crystal structures of the rat NTPDaseI as well as structures from L. pneumophila NTPDaseI and T. gondii NTPDaseIII, demonstrate different active-site geometry (a small domain closure motion) which offers insight into the mechanism of activity.
3,21,22
Here we describe the first plant NTPDase structures from the legumes white clover (7WC) and cow pea (DbLNP) in complex with nonhydrolysable substrates, products and cofactors. Active site complexes with varying substrates reveal that the interactions involved are analogous to those reported for mammalian, parasitic, and bacterial NTPDases. The observation of the two proteins with different positions of the two structural domains provides further evidence that a domain motion may be involved in the catalytic mechanism of NTPDase enzymes. We also characterized the enzyme kinetics for 7WC and DbLNP on a complete range of triphosphate and diphosphate nucleotide substrates.
Results and Discussion

Structures of 7WC and DbLNP
NTPDase structures closely related to 7WC and DbLNP were identified using PDBeFold 23 : NTPDaseI from L. pneumophila (4BVO), NTPDaseI (3ZX0) and NTPDaseII (4CD1) both from the rat. Sequence identity between 7WC and DbLNP with the closely matched structures is low (26-28%). The plant NTPDase structures show similarity to homologous enzymes from both the animal and prokaryotic kingdoms. A sequence alignment of these five structures highlights the common traits for the actin/Hsp70/hexokinase superfamily [ Fig. 1(A) ]. ACRs 1 through to 5 are clearly conserved in this superfamily as are a number of cysteine residues that form disulphide bonding in important structural regions. 24, 25 In 7WC
and DbLNP, there are three disulphide bonds, two of which are conserved in the superfamily. 26 The exact number of disulphide bonds and their positioning in these structures appear to be species dependent. The catalytic residues involved in the diphosphohydrolase reaction of NTPDases are illustrated in Figure 1 (B), with residues numbered according to 7WC and DbLNP structures. These residues are denoted by blue asterisks in Figure 1 (A). Catalysis is a two-step mechanism, with hydrolysis occurring by nucleophilic attack on the terminal phosphate by a "catalytically active" water molecule. The water molecule is coordinated by a serine hydroxyl group (ACR1) and a glutamate carboxyl group (ACR3) with the glutamate acting as a general base to activate the water prior to hydrolysis. The active site divalent metal ion is essential for maximal activity and is illustrated here by a Mn 21 ion. The terminal phosphate associates with the metal ion that creates an octahedral coordination with four waters and oxygens of the b-and g-phosphate which ultimately draws electrons from the phosphate. Two aspartate carboxyl groups (from ACR1 and ACR4) and a tryptophan indole amine group (ACR5) coordinate the 4 waters surrounding the metal ion. 16 Residues Thr88 and Arg92 (from ACR2) also coordinate water molecules in the active site but for clarity are not shown in Figure 1 (B). The data collection and refinement statistics for 7WC and DbLNP are presented in Table I and the overall domain structure is presented in Figure 2 . 7WC consists of two domains either side of a putative hinge region 15, 16, 19 [ Fig. 2(A) ]. The N-terminal domain (Ile4-Ile126; green) consists of a mixed, five stranded b-sheet where the second strand is antiparallel to the rest. This is typical of the RNase-H fold represented by members of the actin-like ATPase superfamily. 19 The b-sheet of the N-terminal domain is surrounded by five a-helices on one side. The larger C-terminal domain (Asp127-Phe411; blue) shows a modified RNAse-H fold with inserted bstrands, extending the b-sheet by two b-strands. Three disulphide bonds are formed within the C- terminal domain (orange sticks) and the ACRs make up the surface of the active site [ Fig. 2(C) ]. The apo-7WC enzyme contains two phosphates in the active site.
The overall domain structure of DbLNP is similar to 7WC with two domains either side of a putative hinge region 15, 16, 19 [ Fig. 2 (B)] with this structure containing two phosphates and a manganese ion in the active site. The N-terminal domain (Leu3-Asp127; green) has an identical configuration to 7WC (as detailed above). The larger C-terminal domain (Gly128-Phe414; blue) also shows a modified RNAse-H fold with inserted b-strands and three additional b-hairpin turns (compared with the Nterminal domain). Overall, DbLNP has one additional b-strand compared with 7WC. As with 7WC, there are three disulphide bonds within the Cterminal domain and the ACRs make up the surface of the active site [ Fig. 2(D) ].
Structural features of the active site
In 7WC-apo two phosphate molecules are positioned in the active site (the cleft between the two domains) [ Fig. 3(A) ]. The first phosphate binds to Ser15, Thr16 and Arg19 (in ACR1), whereas the second phosphate binds to Gly161, Gly162, and Ser163 (in ACR4). These positions are analogous to the rat and L. pneumohphila NTPDases. 21, 22 Comparing 7WC-apo to rat NTPDaseII (3CJA) (which has AMPPNP bound), the free phosphates that bind in the 7WC structure correspond with those of the b-and gphosphates of AMPPNP bound in NTPDaseII. 16 The phosphate positioning in 7WC suggests NTP could bind in a similar manner to NTPDaseII. In the 7WC-AMP structure, the adenine ring of AMP binds to the active site via p stacking with Tyr303 and Phe350 [ Fig. 3(B) ]. In comparison with rat NTPDaseII, the analogous residues perform the same p stacking with AMPPNP and the a-phosphate also interacts with the N-terminal phosphate binding site. 22 The p stacking interaction may explain the range of nucleotides that can be hydrolyzed effectively by 7WC (Table II) . Asp307 (within the nucleotide binding pocket) interacts with the amino group of adenine and may potentially contribute to nucleotide substrate selection as kinetic data suggests 7WC prefers adenosine and cytosine (which both have amino groups at this position). Ribose interacts with Thr16, which helps position the aphosphate into the binding site. This phosphate interacts with Arg19, Ser15, Thr16, and possibly (through a water mediated interaction) with Gly161. A structural alignment of 7WC-apo and 7WC-AMP structures shows that the N-terminal domain I shifts inwards towards the catalytic cleft, upon binding [ Fig. 3 The highest resolution shell is shown in parentheses. R merge 5 P |I -I| P I, where I is the integrated intensity of a given reflection. R free was calculated using 5% of data omitted from refinement.
has also been described for rat, L. pneumophila, and T. gondii NTPDases. 3, 21, 22 7WC-adenine did not contain suitable electron density for AMPPNP (the substrate soaked into the crystal) and instead an adenine molecule and two phosphate molecules were modelled. Overall, 7WC-adenine appears identical to 7WC-apo [ Fig. 3(F) ], however, differences are evident in the nucleotide binding site as there is observable p stacking between the adenine ring and the amino group of Asp307 (in 7WC-adenine) that is absent from 7WC-apo . In 7WC-adenine [ Fig. 3(C) ], the two phosphate molecules continue their association with residues in ACR1 and 4 (as with 7WC-apo) and the adenine ring positions itself between the same residues, Tyr303 and Phe350, as 7WC-AMP. The position of the adenine and phosphate molecules in 7WC-adenine are almost the same as in the active site of AMPPNP-bound rat NTPDaseII (3CJA) however, the dimensions of the active site cleft of 7WC-adenine are too wide to accommodate AMPPNP if it were to be exchanged the phosphate tail of AMPPNP would be unable to bind both phosphate binding sites as observed in rat NTPDaseII. Interestingly, the structure of 7WC-adenine adopts a similar conformation to 7WC-apo [ Fig. 3(F) ] rather than 7WC-AMP [ Fig.  3(E) ]. The domain rotation (of 11.68) illustrated in Figure 3 (E) gives the appearance of the enzyme being "open" or "closed". This matches an 11.88 domain rotation in the structural homologue from Aquifex aeolicus. 29 Central helices that correspond to ACR3 and ACR5 enable this closure and have also been identified in L. pneumophila and rat NTPDaseI as allowing the domains to close in a "butterfly-like" motion.
21,30
The DbLNP structure has two phosphates bound despite the presence of AMP and MgCl 2 in the crystallization solution [ Fig. 3(D) ]. The first phosphate is bound to only one out of three of the typical residues in ACR1 (Arg19) but is also interacting with Lys43 and Tyr303 from the active site. The second phosphate binds to the expected phosphate binding residues Gly161, Ala162 and Ser163 (in ACR4), interacts with unutilized Ser15 from the first phosphate binding site and also binds with a manganese ion and a water molecule. Manganese was not present in the crystallization buffer and its presence in the structure may be due to a buffer contaminant. X-ray fluorescence scanning performed on the crystal showed a fluorescence peak at 5900 and 6492 eV, which is the expected L-and K-edge for manganese. The manganese ion and water molecule positioning is consistent with the rat NTPDaseII structure, where the water is proposed to act as the nucleophile. 16 Compared to 7WC-apo and 7WC-adenine, DbLNP-PO 4 represents a "closed" conformation. The "open" 7WC structures are thought to represent the inactive and nonsubstrate bound forms with closure occurring once a substrate (or product such as AMP) is bound. However, since DbLNP-PO 4 also shows a "closed" state with no substrate present, we suggest that "closure" may be initiated by either the substrate or divalent
This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure's caption. cleft that is 228 narrower than 7WC-apo which is similar to the degree of conformational change upon substrate binding in A. aeolicus PPZX/GPPA enzyme (22.58). 27 It is possible that these inter-domain cleft differences between our two enzymes could reflect a binding mechanism however more realistically, DbLNP would need to be crystallized with other substrates to fully investigate this.
Interspecies structural comparison
A comparison of 7WC-apo and DbLNP with a selection of other NTPDases is shown in Figure 4 . 7WC is compared to rat NTPDase1, L. pneumophila NTPDaseI and N. caninum NTPDase by superposition of the structures [ Fig. 4(A-C) , respectively]. There is structural homology between 7WC and rat NTPDaseI and L. pneumophila NTPDaseI. The domain structure and fold structure is similar which is fascinating given that they only share 26% sequence identity (ID) with 7WC. Differences are found mainly in an extension visible at the top of Domain II. In comparison, an NTPDase from N. caninum, with 23% sequence ID with 7WC appears visibly different in the overall structure but maintains similar fold architecture [ Fig. 4(C) ]. DbLNP-PO 4 compared with rat NTPDaseI shows an improved superimposition, due to the width of the inter-domain cleft of NTPDaseI closely matching that of DbLNP [ Fig. 4(D) ]. Assessment of DbLNP with L. pneumophila NTPDaseI (28% sequence ID) also shows good structural homology with the main difference evident as an extension at the top of Domain II in contrast to N. caninum NTPDase (24% sequence ID) which shows very little structural similarity [ Fig. 4(E,F) ].
Summary of 7WC and DbLNP activity
The requirement for a calcium ion for catalysis has been demonstrated in rat NTPDases and was determined to be essential for both 7WC and DbLNP in this study. 16, 31 The specific activity of 7WC and DbLNP both ranged between 100 and 250 mM min 21 mg
21
. These values are much lower than activities for potato apyrase and pea NTPDase (10,000 and 428 mM min 21 mg
, respectively for ATP) but are similar to that of the rat NTPDases (ranging between 43 and 224 mM min 21 mg 21 for ATP). 24, 31, 32 The optimal pH for the range of substrates hydrolyzed varied between 7WC and DbLNP (Table  II ; Supporting Information Figs. S1,S2). 7WC hydrolyzed almost all tri-and diphosphate nucleotides optimally at pH 8.0, with the exception of cytosine nucleotides which had an optimum at pH 6.5. It thus appears that the nucleotide influences the pKa values of the active site residues. Here, phosphate number did not alter the pH optima-this has also been observed in human and rat NTPDase1 and 23 which have pH optimum for both ATP and ADP at the same pH (8.0). 6, 31, 33 In contrast, DbLNP predominantly hydrolysed tri-and diphosphate nucleotides at different pH optima; triphosphates preferring acidic (pH 5.5) and diphosphates preferring alkaline conditions (pH 8.0-8.5). The exception was uracil nucleotides which optimally hydrolysed at pH 9.5. In this case, both the nucleotide and the number of phosphates influences the pKa values of the residues in the active site. Such a trend has been reported for rat NTPDase2. 31 These differences between pH optima of 7WC and DbLNP may reflect two different nucleotide binding classes within the NTPDase superfamily.
The K M values determined for 7WC and DbLNP (Table II, Supporting Information Figs. S3 and S4) are within a similar range for those determined for the activity of potato (Solanum tuberosum) NTPDases on ATP and ADP, which ranged from 24 to 350 mM. 34 In contrast, the K M values for 7WC and DbLNP are slightly higher than that demonstrated for mammalian NTPDases, which ranged from 10 to
This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure's caption. 150 mM. 31, 33 Differences between plant and mammalian NTPDases are not surprising as they have evolved for different physiological roles. DbLNP has greater affinity for cytosine and thymidine compared with the other tested nucleotides. This specificity suggests a defined physiological role such as regulating the phosphatidylcholine biosynthetic pathway which requires CTP for the formation of phospholipids. 35 The most striking difference between 7WC and DbLNP is the catalytic efficiency between the triand dinucleotides. In general, 7WC has a higher k cat for NDPs whereas DbLNP has both a higher k cat and k cat /K M for NTPs (for 3 out of the 5 nucleotides). 7WC prefers the substrates ADP and CDP, whilst DbLNP has preference for the pyrimidines CTP and TTP. In the nucleotide binding pocket, 7WC has Asp307 whereas DbLNP has Glu307. A consequence of this substitution with Glu307 may be that the substrate cannot enter the binding pocket as deeply in DbLNP and therefore the smaller pyrimidines may be preferred over larger purines.
Here we present the first NTPDase structures from the plant kingdom. The plant NTPDases show conservation of all five ACRs, confirming their position in the actin-hsp70 superfamily across multiple domains of life. These structures are highly similar to NTPDases from other species with crucial ACRs positioned within the catalytic cleft and a similar catalytic mechanism whereby the two domains "open" and" close" via a hinge region. Plant NTPDases show different catalytic efficiency to mammalian NTPDases which reflects their different physiological roles.
Materials and Methods
Cloning, expression, purification, and refolding
The 7WC-pET28b construct (C-terminal His tag) was supplied and designed by Chung Hong Chen (GenBank accession number ACB38286.1). 11 The DbLNP construct was produced by GENEART (E. coli optimized) and recloned into pET28a with an N-terminal His tag (including thrombin cleavage site) (GenBank accession number AF139807). 7WC and DbLNP were expressed as insoluble inclusion bodies in E. coli BL21 (DE3) Rosetta strain. Inclusion bodies were isolated by centrifugation and resuspension of the cells in buffer (100 mM Tris-HCl pH 7.5. 150 mM NaCl), followed by cell disruption using sonication. The cell lysate was centrifuged and the inclusion bodies were washed twice in buffer including 0.1% Tween-100 and once in buffer without tween. They were resuspended in solubilization buffer (100 mM Tris-HCl pH7.5, 150 mM NaCl, 8M urea, 2 mM DTT, 10 mM imidazole) and mixed overnight at 258C, followed by centrifugation. Filtered (0.45 mm) supernatant was loaded on to a 5 mL HiTrap Chelating Column (GE Healthcare, Germany) pre-equilibrated with buffer A (100 mM Tris pH 7.5, 150 mM NaCl, 8M urea, 10 mM imidazole) and washed with five column volumes of the same buffer. Protein was eluted with a gradient of buffer B (100 mM Tris pH 7.5, 150 mM NaCl, 8M urea, 1M imidazole). Solubilized 7WC and DbLNP were refolded using a dilution method. Protein was diluted to no greater than 50 mg L 21 and incubated at 188C for 7 days without disturbance. Refolding buffer conditions for 7WC were 50 mM MES pH 6.5, 700 mM NaCl, 0.6% w/v PEG 3350, 0.5 mM oxidized glutathione, 1 mM reduced glutathione, 1 mM EDTA, 0.002% sodium azide. Refolding buffer conditions for DbLNP were 50 mM Tris-HCl pH7.0, 500 mM NaCl, 250 mM arginine, 1 mM EDTA, 0.002% sodium azide. For 7WC, soluble aggregates were removed by overnight dialysis at 48C in 50 mM acetate buffer pH 5.0, followed by centrifugation at 48C. 7WC was loaded on to a 5 mL SP HP cation exchange column (GE Healthcare, Germany) equilibrated with 50 mM sodium acetate pH5.0 and eluted with a 0-2 M NaCl gradient to initially reduce the sample volume. It was further concentrated to 5 mL using a spin concentrator (30,000MWCO; Sartorius, Germany) and purified by size exclusion chromatography (Sephadex S200 16/60; GE Healthcare, Germany) in 20 mM Tris-HCl pH 8.0, 150 mM NaCl buffer. For DbLNP, refolded protein was concentrated using a stir cell to around 50 mL and then further concentrated to 5 mL using a spin concentrator (30,000MWCO; Sartorius, Germany) before purification by size exclusion chromatography (Sephadex S200 16/60; GE Healthcare, Germany) in 20 mM Tris-HCl pH 8.0, 150 mM NaCl buffer.
Protein crystallization
7WC and DbLNP crystals were grown using a hanging-drop diffusion method in 24-well plates (Hampton Research, USA) with micro-seeding. 7WC and DbLNP crystals were transferred into mother liquor containing 5 mM AMP or AMPPNP and either 5 mM MgCl 2 or CaCl 2 and incubated overnight at 188C to examine substrate/product binding. Diffracting 7WC crystals grew after 1-2 weeks at 188C, using protein at 7 mg mL 21 in 0.2 M ammonium dihydrogen orthophosphate, 15% PEG 3350 buffer at a 2 mL 1 2 mL drop volume. The N-terminal His tag of DbLNP was cleaved and the protein purified by IMAC and size exclusion chromatography prior to successful crystallization. Diffracting DbLNP crystals grew after 2 weeks at 188C, using protein at 10 mg mL 21 in 0.2M MgCl 2 , 50 mM acetate pH5.0, 9-12% MPD, 10-12% PEG 3350, 5 mM AMP buffer at a 2 mL 1 2 mL drop volume.
Data collection, processing, and structure determination 7WC-apo crystals were flash-cooled in liquid nitrogen in mother liquor containing 40% PEG 3350 as a cryoprotectant. Data was collected at 0.5 degree rotations for 360
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degrees on a MAR345 detector at the University of Auckland, integrated with MOSFLM 36 using a 1.89 Å resolution cut-off and scaled (SCALA). 37, 38 There was one molecule in the asymmetric unit with a corresponding Matthews coefficient of 2.24 Å Da 21 and a solvent content of 45.1%. The structure was solved by molecular replacement 16 using an NTPDase2 from rat (PDB code 3CJI). CHAINSAW (ccp4i) was used to mutate the NTPDase2 model based on conserved residues between it and 7WC. 39 Both N-terminal and C-terminal models were made to accommodate differences in the angle of the domains. The N-and C-terminal domains of 7WC were solved separately using PHASER. 40 Autobuilding using PHENIX and modeling in Arp/wARP was peformed 41, 42 followed by manual building in COOT and refinement using REFMAC5. 43, 44 Furthermore, each domain was defined as a rigid body and translation liberation screw-motion (TLS) refinement in REFMAC5 was performed. The final 7WC-apo model is missing the first 3 N-terminal residues and 14 C-terminal residues (including the histidine tag) as well as residues 176 and 182-184 from a large loop region. AMP-soaked 7WC-apo crystals were prepared as above but with the addition of AMP in the mother liquor. Data were collected at 18 rotations for 1808 on an ADSC Quantum 315r detector at the Australian Synchrotron, Melbourne, integrated and scaled (MOSFLM). There was one molecule in the asymmetric unit with a corresponding Matthews coefficient of 1.96 Å Da 21 . The structure was solved by molecular replacement using 7WC-apo in PHASER in PHENIX, but only the C-terminal domain was successfully placed. So instead, MolRep was performed with the individual N-terminal domain and the C-terminal domain. This combined model was used in PHASER to give a 98% complete protein model which was further built and refined using Arp/wARP and COOT and finally refined using REFMAC5 with restrained refinement. The final 7WC-AMP model is missing the first 4 N-terminal residues and 18 C-terminal residues (including the histidine tag) as well as residues 182-184 and 195 from a large loop region. AMPPNP-soaked 7WC crystals were prepared as above but with the addition of AMPPNP in the mother liquor. Data were collected at 18 rotations for 3608 on an ADSC Quantum 315r detector at the Australian Synchrotron. The data set was integrated with MOSFLM cutting the resolution from 1.6 to 1.76 Å to produce a reasonable I/r(I). 7WC-AMPPNP model is missing the first 3 N-terminal residues and 14 C-terminal residues (including the histidine tag) as well as residues 181-184 from a large loop region.
DbLNP crystals were flash-cooled in liquid nitrogen in mother liquor containing 20% glycerol as a cryoprotectant. Data were collected at 18 rotations for 3608 on an ADSC Quantum 315r detector at the Australian Synchrotron, scaled and merged (SCALA) with a 2.6 Å resolution cutoff. The N-and Cterminal domains of 7WC were was used to solve the structure of DbLNP-PO 4 by molecular replacement using AutoMR in PHENIX. DbLNP N-and Cterminal domains were solved individually and then merged to complete the model. Manual building in COOT and refinement using REFMAC5 were performed. Defining each domain as rigid bodies and performing TLS refinement in REFMAC5 improved the structure. DbLNP-PO 4 model is missing the first 2 N-terminal residues and residue 415 of the Cterminus. There was insufficient electron density to place AMP in the active site (hence the renaming to DbLNP-PO 4 ), however there were two phosphate residues and 1 manganese residue present. Details of all data collection and refinement for all structures are in Table I .
Kinetic characterization
The hydrolysis of nucleoside triphosphate and diphosphate substrates was measured by detection of free phosphate using a malachite green assay modified for 96-well microtiter plates (Greiner BioOne). 45 Assays were performed at 258C in 100 mL in 100 mM Tris pH 8.0, 750 mM CaCl 2 buffer with 0.02 mg mL 21 protein. Reactions were started with 0.2 mM substrate and run for up to 5 minutes before stopping using malachite solution (1.5% ammonium molybdate, 0.18% Tween 80, 0.1% malachite green, and 14% sulfuric acid). After color development for 10 min the absorbance was read at OD 620 nm. The molar concentration of phosphate in the reaction assay was determined by comparison with a NaPO 4 standard curve (0-100 nM). All assays were performed in triplicate and standardized against a blank assay containing no protein. To determine the optimal pH for substrate hydrolysis, the activity assay was conducted for each substrate using a range of pH buffers. These included; 100 mM sodium acetate acetic acid pH 3.5-6.0, 100 mM HEPES pH 6.5-8.0 and 100 mM glycine-NaOH pH 8.5-10.5. Time course assays (with nonlimiting amounts of substrate) were performed to determine the reaction time required to capture kinetic information during the linear initial rate of reaction.
Supporting Information
Supporting Information Material includes graphs of data for the activity of 7WC and DbLNP over a range of different pH values (Supporting Information Figs. S1 and S2) and Michaelis-Menten kinetic data for each enzyme with a range of di-and trinucleotides (Supporting Information Figs. S3 and S4 ).
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